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 ABSTRACT 
To realize high quality factor and spurious-free surface acoustic wave (SAW) devices, 
precise modelling techniques are demanded on SAW lateral propagation. This thesis 
discusses lateral SAW propagation in periodic grating structure when multiple SAW modes 
exist and couple with each other. 
First, the thin plate model is developed for analysis of lateral SAW propagation. The 
longitudinal resonance condition is applied to the model, and the lateral wavenumber is 
expressed as function of the angular frequency. The finite element method (FEM) is applied 
for the analysis of SAWs propagating on periodic grating/128°YX-LiNbO3 (128-LN) 
substrate structure, and the anisotropy parameter γ is extracted by the fitting with the 
derived equation. It is shown that γ estimated by this technique is significantly different 
from the value estimated without taking the effects of the grating into account. The model 
is extended to include the coupling between two different SAW modes and the coupling 
effect on slowness curve is investigated. 
Then, lateral SAW propagation is discussed in periodic grating/42°YX-LiTaO3 (42-LT) 
substrate structure. The extended thin plate model is used for the purpose. It is shown that 
the slowness curve changes its shape from concave to convex with the grating electrode 
thickness. Transverse responses are also analyzed on an infinitely long interdigital 
transducer (IDT) on the structure, and good agreement is achieved between the model and 
3D FEM analyses. SAW resonators are fabricated on 42-LT substrate, and it is 
experimentally verified that the slowness curve shape of the shear horizontal (SH) SAW 
changes with the grating electrode thickness. 
Finally, the thesis discusses influence of the coupling with the SH SAW to the 
 propagation characteristics of the Rayleigh SAW on the periodic grating/128-LN substrate 
structure. It is shown that the mechanical coupling causes (1) the satellite stopband and (2) 
variation of the anisotropy factor. The extended thin plate model is applied to an infinitely 
long IDT structure to investigate influence of the two SAW coupling and the calculated 
result is compared with that obtained by the 3D FEM. The excellent agreement of both 
results confirms the effectiveness of the model. 
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Chapter 1 Introduction 
1.1 Background 
Surface acoustic wave (SAW) is a kind of waves traveling on a surface of solids, and its 
amplitude decays exponentially from the surface. In 1965, R. M. White and F. W. Voltmer 
pointed that SAWs can be efficiently excited with interdigital transducer (IDT) placed on 
piezoelectric substrate[1.1]. Since then, SAW devices have been widely used in many fields 
such as: radar, sensor and communication systems[1.2~1.4]. Because of high performance and 
small size, SAW devices are widely used as the key component of mobile devices. 
Although current SAW devices can offer high performance, further performance 
enhancement is necessary. One is quality factor (Q) of resonators which is the ratio between 
dissipated power and stored power. It affects the insertion loss and the steepness of filter 
passband[1.5]. Thus the suppression of energy loss is necessary. One possible loss 
mechanism is energy leakage caused by lateral SAW propagation as shown in Fig. 1.1. It 
is known that energy can be confined in the IDT region by proper design of side edges so 
as to cause the total reflection. However, this may result in generation of unnecessary 
higher order resonances. As an example, Fig. 1.2 shows the admittance curve of a periodic 
grating structure. In addition to the main resonance, there exist many spurious resonances. 
These spurious modes locate near the main resonance and occur at different frequencies. 
They are called transverse modes and caused by lateral SAW propagation shown in Fig. 
1.3[1.6]. To realize spurious free and high Q factor SAW devices, it is necessary to deeply 
understand and control lateral SAW propagation. 
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Fig1.1 Lateral SAW propagation.  
 
Fig. 1.2 Admittance curve of a periodic grating structure. 
 
Fig. 1.3 Mechanism of transverse mode. 
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As for the analysis of lateral SAW propagation, scalar potential (SP) theory has been 
widely used. It was First proposed by J. K. Knowles[1.7] for isotropic cases. R.V. Schmidt 
and L.A. Coldren applied the theory to anisotropic cases by introducing the anisotropy 
factor γ [1.8~1.9], which is usually estimated from the SAW slowness curves on free or 
metalized surface. In many cases, this theory works pretty well even when gratings are 
given on the surface. However, the author’s group pointed out that it is not true when the 
method is applied to the Rayleigh SAWs on the 128°YX-LiNbO3 (128-LN) substrate which 
is now widely used in temperature compensated (TC) SAW devices[1.10]. It was also found 
that γ changes significantly with the grating electrode thickness and substrate rotation angle. 
Until that time, it was believed that γ is mostly determined by the substrate material and 
rotation angle. 
By the way, it is known that there exists the shear horizontal (SH) SAW in addition to 
the Rayleigh SAW on the 128-LN substrate [1.11~1.14]. Both SAW modes can excite and 
propagate simultaneously, and can couple with each other via surface perturbations such 
as a grating. Recently, the author’s group pointed out that the coupling influences the 
electromechanical coupling factor K2 of SH SAW, and causes rapid variation of K2 with 
structural parameters, such as the substrate rotation angle and the grating electrode 
thickness.  
1.2 Motivation and purpose 
Under this situation, the author expects that the anomalous sensitivity of γ to the 
structural parameters is also caused by the coupling.  
This thesis is aimed at discussing lateral SAW propagation in periodic grating structure 
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when multiple SAW modes exist, and demonstrating how their coupling affects behaviors 
of transverse mode. 
First, a mathematical model is developed for lateral SAW propagation and excitation 
where the coupling between multiple modes are taken into account. The thin plate model 
developed by the author’s group is chosen as a platform and extended to take the coupling 
into account. It will be shown how the SAW slowness curves change with the coupling. 
Second, lateral SAW propagation is investigated for 42oYX-LiTaO3 (42-LT). It is 
analyzed by the finite element method (FEM), and the results are compared with those 
given the extended thin model. Experimental verifications will be also given. 
Third, the analysis is also given for 128-LN, and it will be proved that the anomalous 
sensitivity of γ is surely caused by the coupling. 
1.3 Organization of this thesis 
Based on above analysis, this thesis can be organized as following: 
Chapter 2 starts basics of the thin plate model. The model is applied for the analysis of 
lateral SAW propagation in periodic grating/128-LN substrate structure. Then, the thin 
plate model is extended to include two SAW coupling. 
Chapter 3 discusses lateral SAW propagation in periodic grating/42-LT substrate 
structures with the extended model and FEM. It will be shown that the slowness curve 
shape changes from concave to convex with grating electrode thickness. This change gives 
significant impact on transverse mode resonances. Then, SAW resonators are fabricated 
on the Cu grating/42-LT substrate structure to verify the phenomenon. 
Chapter 4 investigates influence of the coupling with the SH SAW on the propagation 
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characteristics of the Rayleigh SAW in the periodic grating/128-LN substrate structure. 
The extended thin plate mode is used for the purpose. It will be shown that the mechanical 
coupling causes (1) the satellite stopband and (2) variation of γ. Their impacts are discussed 
on transverse mode characteristics. 
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Chapter 2 Thin plate model for lateral propagation 
analysis of SAW 
2.1 Introduction  
As described in the last chapter, lateral SAW propagation gives significant impact on 
performance of SAW devices[2.1~2.2]. Thus, it is necessary to deeply understand and control 
lateral SAW propagation for designing high performance SAW devices [2.2~2.4]. 
   This chapter describes the thin plate model, which is mostly equivalent to the scalar 
potential (SP) theory that has been widely used for long years but is easy to extend to 
include various effects. First, fundamentals of the model are established and procedures of 
parameter determination are shown. Lateral wavenumber is derived as function of the 
angular frequency under the longitudinal resonance condition. Then, the FEM analysis is 
applied for SAWs in the periodic grating/128-LN substrate structure, and the anisotropy 
parameter γ is determined by fitting the frequency dependence of wavenumber with the 
derived equation. It will be also shown that γ estimated by this technique is significantly 
different from the value estimated from the SAW velocity on free or metalized surface. 
Finally, the model is extended to include the mode coupling effect and influence of mode 
coupling on slowness curves is investigated. 
2.2 Thin plate model 
2.2.1 Excitation and propagation 
First, let us discuss 2D (x–y) propagation of shear vertical (SV) wave in an infinitesimally 
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thin plate with thickness h. Electrodes are placed on the top surface of the plate and the 
back surface is fully metallized as shown in Fig. 2.1. To ensure that the SV component u3 
decouples with the other components, the substrate should possess certain crystal symmetry, 
which can be derived from Appendix A and Ref. [2.5]. The X-axis of the crystal is parallel 
to the x-direction and the Y-axis is normal to the substrate surface. 
 
Fig. 2.1 Thin plate model structure. 
In the case, application of Newton’s second law of motion and the piezoelectric 
constitute relation gives a wave equation in the form of Eq. (2.1); 
( )
2 2 2
23 3 3 3 3
55 45 44 3 35 342 2
2 ,
u u u E E
c c c x y u e e
x x y y x y
ρ ω∂ ∂ ∂ ∂ ∂+ + + = +
∂ ∂ ∂ ∂ ∂ ∂ ,            (2.1) 
where ω is the angular frequency, cij is the elastic constant, eij is the piezoelectric constant, 
and ρ is the mass density. Its derivation is given in Appendix A. Note that influence of the 
electrodes is expressed by variation of ρ with the position: 
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( )
 
    
2
  
2 2
e
u
w
x np
x
w p
x np
ρ
ρ
ρ

− <
= 
 < − <

 ,                        (2.2) 
where p is grating period. When the stiffness cij is set to be uniform, the continuity of the 
stresses Szx and Szy at boundaries is equivalent to that of ∂u3/∂x and ∂u3/∂y, respectively. 
The spatial variation of the wave velocity and acoustic impedance is considered as that of 
ρ. Such simplifications are mathematically equivalent to those used in the SP model[2.6]. 
Note that e35 is responsible for SAW excitation at the electrode side edges while e34 is 
responsible for that at the electrode tips. 
As Fig. 2.1 shows, when a voltage V is applied between the top and bottom electrodes, 
the electric field E is –V/h under the electrodes and zero elsewhere. This means that ∂E3/∂x 
and ∂E3/∂y are nonzero only at the electrode edges. Thus, the right terms in Eq. (2.1) can 
be set to zero except at the boundaries, and their effect can be included in the boundary 
conditions, namely, the discontinuity in ∂u3/∂x and ∂u3/y. For example, when only electrical 
excitation through e35 is considered, one can express the boundary condition at the 
electrode side edges as: 
3 3
3 3
n n
n n
x x o x x o
x x o x x o
U U
E h E h
x x
± ±
± ±
= + = −
= + = −
∂ ∂
− = −
∂ ∂
,                  (2.3) 
where U3= (c55h/e35)u3; x
+ 
n  and x
- 
n indicate the left and right side edges of the n-th grating 
electrode, respectively, and o is an infinitesimal quantity. Of course, u3 must be continuous 
at all the boundaries. 
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2.2.2 Detection 
Owing to the assumed crystal symmetry of the substrate, the electric flux D3 in this case is 
given by 
3 3
3 33 3 35 34
u u
D E e e
x y
ε
∂ ∂
= + +
∂ ∂ ,                           (2.4) 
where εij is the permittivity. Then once u3 is determined, the charges induced on the 
electrodes can be calculated by 
3 3
33 3 35 34
0   =
S S
e
u u
Q E dS e e dS
x y
Q Q
ε
 ∂ ∂
= − − + ∂ ∂ 
+
∫ ∫
  ,                   (2.5) 
where S is the electrode area. In Eq. (2.5), Q0 gives the contribution of the electrostatic 
coupling, while Qe gives the charges induced by electromechanical coupling. The integral 
of the first term is simply given as the product of the static capacitance and the voltage. 
On the other hand, since the integrand in the second term is zero except at the boundaries, 
Qe can be estimated from the change of u3 across the boundaries. For example, when only 
electrical detection through e35 is considered, one may obtain the following relations for 
Q0 and Qe: 
1
33 0 3
y
n
hQ w E hdyε − = − ∑∫ ,                        (2.6) 
( )1 233 3 3 3 3
n n n n
e x x o x x o x x o x x oy
n
hQ K U U U U dyε
− − + +
−
= + = − = + = −
= − − + −∑∫ ,       (2.7) 
where K2 =e
2 
35/c55ε33 is the electromechanical coupling factor of the plate mode.  
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Since E3h is either −V or zero, Eqs. (2.3), (2.6), and (2.7) indicate that using U3 instead 
of u3 as a field variable allows to exclude e35, ε33, and h from the formalism, and the 
parameters needed for the numerical simulation are limited to ρe/c55, ρu/c55, K2, and ε33/h. 
It should be noted that c55 can be set arbitrarily. 
2.3 SAW propagation in periodic grating 
Next, let’s consider the in-plane SAW propagation in the grating structure shown in Fig. 
2.1. The mass density ρ can be expressed in the Fourier expansion form as: 
∑
+∞
−∞=
−=
n
n pjxnRcx )/2exp()( 55 piρ ,               (2.8) 
where Rn is the expansion coefficient. Note that R-n= R
* 
n , because ρ(x) is real, and Rn is pure 
real when ρ(x) = ρ(−x), namely, x = 0 is chosen at the center of one of the electrodes and 
the structure is symmetric with respect to the center. 
   The Floquet theorem indicates that the displacement field u3 can be expressed in the 
following form: 
( )3 3 expn n n y
n
u U j x j yβ β
=+∞
=−∞
= − −∑ ,                     (2.9) 
where U3n is the expansion coefficient, βn = βx + 2nπ/p, and βx and βy are the wavenumbers 
of the grating mode toward the x- and y-directions, respectively[2.7]. 
Here, we only consider symmetric slowness curve case which means that c45 is 0 and 
we define γ=c44/c55 to describe the anisotropy of the substrate. Under short-circuit (SC) 
condition, substitution of Eqs. (2.8) and (2.9) into Eq. (2.1) gives  
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( )2 2 23 3 exp 0n n n y n m n m n y
n m
U U R U j x j yβ γβ ω β β=+∞ +∞
−
=−∞ =−∞
 
− − + − − = 
 
∑ ∑ .         (2.10) 
So that Eq. (2.10) holds for arbitrary x, the following condition must be satisfied for 
arbitrary n: 
2 2 2
3 3 0n n y n m n m
m
U U R Uβ γβ ω +∞
−
=−∞
− − + =∑ .             (2.11) 
When only the coupling between the components with n = 0 and −1 is taken into account, 
Eq. (2.11) reduces to the following form: 
2 2 2 2
0
2 2 2 2
1 1
0
0
y x
y
B B F F r U
F r B B F U
γ
γ
− −
 − − +    
=      
− − +    
,           (2.12) 
where Bx=βxp/2pi, B-1=Bx-1, By=βyp/2pi, r=R1/R0, and F=ωpR00.5/2pi, which corresponds to 
the normalized frequency. 
As the condition for the existence of nontrivial solutions, we can obtain the following 
equation governing the relation between Bx and By: 
( ) ( )( )2 4 2 2 2 2 2 2 2 2 4 21 12 0y y x xB B B B F B F B F Fγ γ γ− −+ + − + − − − = .    (2.13) 
Figure 2.2 shows the Bx-By relation calculated using Eq. (2.13) at F = 0.25. In the 
calculation, γ is set at unity (isotropic), and |r| is set at 19/81. Two real-valued circular 
loci are seen. One centered at Bx = 0 corresponds to the forward propagating mode, and 
the other one centered at Bx = 1 corresponds to a component of the backward propagating 
mode generated by the spatial modulation of the periodic gratings. Two imaginary loci 
start from the edges of two real loci where By = 0. They correspond to the evanescent 
15 
 
modes decaying toward the ±y-directions. It is interesting that both Bx and By are pure 
imaginary at the region where two imaginary loci intersect. In this region, mode 
propagation is forbidden, i.e., evanescent not only to the ±x-directions but also to the ±
y-directions. 
 
Fig. 2.2 Variation of By with Bx at F=0.25. Solid lines: real By, and broken lines: imaginary By. 
Figure 2.3 shows how the Bx–By relation changes with F. At a frequency (F = 0.45) 
giving the lower edge of the stopband at By = 0, two quasi-semi circles are attached, and 
the x-propagation is forbidden for a certain range of By at 0.45 < F < 0.572. Above a 
frequency (F = 0.572) giving the upper edge of the stopband at By = 0, two quasi-semi 
circles are partially separated, and SAWs are allowed to propagate in the ±x-directions 
with relatively small Bx. 
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           (a) F = 0.35                 (b) F = 0.40                 (c) F = 0.45 
 
(d) F = 0.50                  (e) F = 0.55                (f) F = 0.60 
Fig. 2.3 Variation of By with Bx. Solid lines: pure real By, and broken lines: pure imaginary By. 
In conventional SAW resonators, acoustic resonances including transverse ones occur 
when both βx is pure real and the Bragg condition is mostly satisfied, i.e., βx ∼ π/p. Note 
that βx is complex in the Bragg region. This means that we can focus our attention on 
variation of βy with ω under the condition of βx = π/p. This condition is called the 
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longitudinal resonance condition which was proposed by G. Tang. 
When βx is fixed at π/p, Eq. (2.13) reduces to 
( )2 1 2 1 0.25yB F rγ −  = ± −  .                           (2.14) 
Figure 2.4 shows the change in By with F when Bx is fixed at 0.5, i.e., βx ∼ π/p. There are 
two branches. In Eq. (2.14), the plus sign specifies the branch passing through the lower 
stopband edge at Bx = 0.5 while the minus sign specifies the branch passing through the 
upper stopband edge at Bx = 0.5.  
 
Fig. 2.4 Change in By with F when Bx is fixed at 0.5 (calculated on the basis of the thin plate model). 
Note that the resonance patterns at Bx = 0.5 are categorized into two types shown in 
Fig. 2.5. One is symmetric [u(x) = u(−x)], and another one is antisymmetric [u(x) = −u(−x)]. 
It is clear from the figure that only the symmetric one is electrically excitable by 
conventional IDTs when the structure is symmetric with respect to the y-axis. 
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Fig. 2.5 SAW field pattern when Bx = 0.5. 
When F < 0.5(1 ± r)−0.5, βy is pure imaginary, and the corresponding mode is evanescent 
toward the y-direction. On the other hand, when F > 0.5(1 ± r)−0.5, βy is pure real, and the 
corresponding mode can propagate toward the y-direction. 
2.4 Parameters extraction  
It is well known that the behavior of SAW devices except transverse mode resonances can 
be simulated well using the following 1D COM equations[2.8~2.11]: 
( ) ( ) ( )udR x j R x jkS x j V
x
θ α= − + +
∂ ,               (2.15) 
( ) ( ) ( )udS x jkR x j S x j V
x
θ α= − + −
∂ ,                      (2.16) 
( ) ( ) ( )2 2dI x j R x j S x j CV
x
α α ω= + −
∂ ,                    (2.17) 
where R(x) and S(x) respectively represent SAW modes propagating in the +x- and −x-
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directions, I(x) is the current flow on the bus-bar, θu is the detuning factor, κ is the coupling 
factor between R(x) and S(x), α is the transduction coefficient, and C is the shunt 
capacitance per unit length. 
In many cases, software platforms to calculate θu, κ, α, and C for a given SAW device 
structure and ω have already been established. Hence, we derive procedures to calculate 
ρe/c55, ρu/c55, and K2 from θu, κ, α, and C determined a priori. 
When we ignore the variation of the wave field in the y-direction, the thin plate model 
reduces to the traditional 1D COM equations of the following form under some 
simplifications as shown in Appendix B. 
2
0u X p pθ ω pi pi= − ,                         (2.18) 
2
1k X p pω pi pi= − ,                         (2.19) 
where  
( ) ( )0
55 550
1
p
e uw p w
X x dx
c p c p
ρ ρρ + −= =∫ ,                        (2.20) 
( ) ( ) ( )21
55 550
sin1
p
e uj x p
w p
X x e dx
c p c
pi ρ ρ piρ
pi
−
= =∫ ,               (2.21) 
Then we obtain  
( )
( )2 255 sin
e u
p w pp
c p p w p
ρ θ pi κpi
ω pi ω pi pi
−+
= + ,                   (2.22) 
( )2 255 sin
u u p w p
c p p w p
ρ θ pi κpi
ω pi ω pi pi
+
= − .                   (2.23) 
Substitution of Eqs. (2.22) and (2.23) into Eqs. (2.20) and (2.21) gives r. 
We also derived the input admittance for an infinitely long IDT in the y-direction using 
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the thin plate model and the 1D COM theory. In the derivation, the SAW reflection was 
ignored. Comparison of these two results gives the following relation: 
( )2 22 sin 2
2
K w pp
C w p
piα
ω pi
= .                     (2.24) 
Thus, we obtain 
( )
2
2
2sin 2 2
p w p
K
C w p w p
α pi
ω pi pi
= ,               (2.25) 
Thus, provided that κ, θu, and α are determined a priori as functions of the driving frequency 
ω, then ρe, ρu, and K2 are directly obtainable using Eqs. (2.22), (2.23), and (2.25), 
respectively.  
 
The anisotropy factor γ can be determined by fitting the frequency dispersion curve of 
lateral wavenumber under longitudinal resonance condition. As an example, Fig.2.6 shows 
By calculated for 128-LN with an Al grating with the thickness of 0.1p calculated by full 
wave analysis[2.12]. The horizontal axis for this case is the frequency normalized by VB/p, 
where VB (= 4025.543 m/s) is the slow shear bulk wave velocity. It is seen that the behavior 
is quite similar to the result shown in Fig. 2.4. One of the imaginary branches could not be 
found because the corresponding mode is not excitable by the conventional IDT. 
   The fitting of Eq. (2.14) with that shown in Fig. 2.6 is shown in Fig. 2.7. The fitted 
function is B
2 
y =0.92(fp/VB)
2-0.22. It is seen that the variation of By with F can be modeled 
well using Eq. (2.14), and the validity of the proposed characterization procedure is 
confirmed. The SAW slowness curve was also calculated for the case when the top surface 
of the 128-LN substrate was uniformly covered by an Al film, and the anisotropy factor γ 
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was also estimated. The value was 0.46 for the electrically free surface while it was 0.57 
for the metallized surface. The calculation also indicated that the variation of these values 
with the uniform mass loading was small. 
 
Fig. 2.6 Change in By with F when Bx is fixed at 0.5. 
 
Fig 2.7 Change in By with frequency when Bx = 0.5. Bold lines: calculated with full wave analysis, and 
thin lines: calculated using the simple model. The curve is given by B
2 
y =0.92(fp/VB)
2-0.22. 
   Comparison of Eq. (2.14) with the fitted function indicates that γ is approximately 1.14, 
which is significantly larger than the values estimated from the SAW slowness curve. It 
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implies that the grating structure causes anisotropy in SAW propagation, and it cancels the 
intrinsic one in the 128-LN substrate. 
   It is known that both Rayleigh and SH SAWs can propagate on LN substrate and they 
couple with each other[2.13-2.15]. Thus, it is expected that above phenomenon may be caused 
by the coupling effect.  
2.5 Change of slowness curves by mode coupling  
2.5.1 Extended thin plate model 
Next, let’s consider two waves propagating in the plane simultaneously. Similar to the one 
mode case, it is assumed that the plane bulk waves propagate in the crystal xy plane of a 
material which is orthorhombic symmetry. It does not mean that the substrate material 
belongs to orthorhombic because we only specify symmetry in the xy plane on wave 
properties. In the case, the displacement u3 normal to the plane is decoupled with the other 
two components u1 and u2. Thus the wave equations governing behavior of u1 and u2 are 
given by:[2.16~2.17] 
 
( ) 22 2 2
1 1 2
1 12 2
66
,
0
x yu u u
a b u
x y x y c
ρ ω∂ ∂ ∂
+ + + =
∂ ∂ ∂ ∂ ,              (2.26) 
and  
            
( ) 22 2 2
1 2 2
2 22 2
66
,
0
x yu u u
b a u
x y x y c
ρ ω∂ ∂ ∂
+ + + =
∂ ∂ ∂ ∂
,            (2.27) 
where ai=cii/c66, b=1+c12/c66, cij are elastic constants, ω is the radial frequency, and ρ is 
the mass density. With some arrangement, Eqs. (2.26) and (2.27) give the following 
relation between longitudinal wavenumber βx and lateral wavenumber βy toward the x- 
and y-directions, respectively;  
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( )( )2 2 2 2 2 2 2 2 21 0 2 0 0y x y x x ya a bβ β β β β β β β+ − + − − = ,     (2.28) 
where β0=ω(ρ/c66)0.5. Eq. (2.28) is a bi-quadratic equation with respect to βy, and thus four 
solutions of βy exist for a given βx. It should be noted that since all polynomial coefficients 
are pure real. When βx is pure real, resulting βy should be either pure real, pure imaginary 
or complex with conjugate pairs. 
2.5.2 Effect of mode coupling 
Based on the extended model, the effect of mode coupling on the slowness curves is 
investigated. 
Figure. 2.8 (a) shows the calculated relation between βy/β0 and βx/β0 when a1=a2=4 and 
b=2. Two real loci are seen. One with larger |β| is due to the quasi-shear horizontal (qSH) 
wave while that with smaller |β| is due to the quasi-longitudinal (qL) wave. Besides, two 
pure imaginary loci starting from (βx,βy)=(β0,0) and (βx,βy)=(a-0.5β0,0) are also seen. 
Figures. 2.8 (b) and (c) show the calculated results when b is increased from 2 to 3 and 
4, respectively. Dimples in the qSH locus in Fig. 2.8(a) disappear, and instead, bulges 
appear when b is large. Namely, the slowness (β/ω) curve of the qSH wave changes from 
concave to convex at βy~0[2.18].  
When b>{a1(a2-1)}0.5, pure imaginary loci appears only in the region of 0.5β0<βx<β0, 
and two complex conjugate pairs appear when βx is larger than a certain value (1.108β0 
when a1=a2=b=4). When b={(a1-1)(a2-1)}0.5, the outer locus becomes a circle while the 
inner one becomes an oval. They are both pure mode. 
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            (a) b=2                   (b) b=3                   (c) b=4 
Fig. 2.8 Calculated βx-βy relation when a1=a2=4. 
 
Fig 2.9 Slowness of SH SAW on 42-LT. 
It should be noted that the βx-βy relation of the qSH wave shown in Fig. 2.8(c) is similar 
to that of the SH SAW on 42-LT as shown in Fig. 2.9. We use the qSH wave of this case as 
the model of the SH SAW on 42-LT, and following discussions are focused on this 
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case[2.19~2.21]. 
   Then, let us analyze the in-plane propagation of acoustic waves composed of u1 and 
u2 in an infinitely long periodic grating with periodicity p shown in Fig. 2.10. Similarly, 
the Floquet theorem indicates that u1 and u2 can be expressed as 
( )exp( )             1 or 2i in n y
n
u U j x j y iβ β
+∞
=−∞
= − − =∑ ,   (2.29) 
where Uin is the expansion coefficient . 
 
Fig. 2.10 Periodic grating structure under concern. 
Substitution of Eqs. (2.8) and (2.29) into Eqs. (2.26) and (2.27) and application of 
above procedure give the following dispersion relation between normalized wavenumbers 
Βx and Βy toward the x-and y-directions, respectively; 
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(2.30) 
Figure. 2.11 shows how the Bx-By relation changes with F. In the calculation, 
a1=a2=b=4, and r is set as 19/81. When F<0.43, two bulges are separated, and thus no real 
By solution exists for Bx=0.5. At F=0.43, two bulges are attached. Then the open area 
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sandwiched between two bulges becomes narrow with an increase in F, and it disappears 
at F=0.45. When F>0.467, a closed line with real By appears in the middle, and two pure 
imaginary brunches attach to it. This line becomes longer with an increase in F. When 
F>0.467, it attaches to the line with Re(By)=0, and a portion of the line becomes pure 
imaginary. 
 
Fig. 2.11 Variation By with Bx, Bold line: real part of By, Thin line: imaginary part of By (a1=a2=b=4). 
Then, under the longitudinal resonance condition, Eq. (2.30) is subdivided into the 
following two bi-quadratic equations with respect to By and also F: 
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{ }{ }2 2 2 2 2 2 2 2 21 2(1 ) (1 ) 0y x y x x yB a B r F a B B r F b B B+ − ± + − − =∓ .      (2.31) 
Figure. 2.12 shows how By changes with F when Bx=0.5. When F<0.43, only complex 
solutions exist, namely, the field is evanescent laterally. Real By solution appears when 
F>0.43, and its number changes with F; it is four when 0.43<F<0.45, decreases to two 
when 0.45<F<0.467, increases to six when 0.467<F<0.572, and decreases to four when 
F>0.572. 
 
Fig. 2. 12 Change of By with F when Bx is fixed at 0.5. 
Based on above analysis, it can be concluded that mode coupling has great influence 
on the slowness curve and the extendted thin plate model can describe the characteristics 
quite well. 
2.6 Conclusion 
In this chapter, the thin plate model was developed and was applied for the analysis of 
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SAWs propagating in an infinite grating on the 128-LN substrate. It was shown that γ 
estimated by the model was significantly different from the value estimated from the SAW 
velocity on free or metalized surface. Besides, the model was extended to include the mode 
coupling effect and the effect on slowness curves was investigated. 
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Chapter 3 Lateral SAW propagation on 42-LT 
3.1 Introduction 
In chapter 2, it was shown that SAW slowness curves change with the coupling between 
two SAW modes. Thus, the coupling may also affect the lateral propagation of SAW. 
On 42-LT substrate, in addition to the main mode leaky SH SAW, there also exists 
Rayleigh SAW. But the third type of SAWs called longitudinal SAW[3.1~3.2] does not exist 
on the substrate as an eigen mode. However, it may exist as “improper poles,” which satisfy 
the wave equation and boundary conditions except the radiation condition, often influence 
excitation, and propagation of other waves 
This chapter discusses lateral SAW propagation in periodic grating/42-LT substrate 
structures with the extended thin plate model. First, the frequency dependence of βy is 
calculated by FEM. It is found that the slowness curve shape changes from concave to 
convex with the grating electrode thickness. Then, parameters in the model are determined 
by fitting the derived relation between the lateral wavenumber and the frequency with that 
calculated by the FEM. The transverse responses are also analyzed on an infinitely long 
IDT structure, and the result is compared with that of 3D FEM. Finally, Cu grating/42-LT 
resonators are fabricated to confirm the change of the slowness curve shape with grating 
electrode thickness. 
3.2 SAW dispersion curve in grating structures 
First, the relation between frequency f and βy at Bx = 0.5 is calculated by the FEM for the 
SH SAW on the Al grating/42-LT substrate structure. 
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   Figure. 3.1 shows the unit cell used for the FEM analysis. The perfectly matched layer 
is applied to the bottom[3.3~3.4], and the following boundary conditions are applied to the 
side walls: 
u(2p,y)=u(0,y)                       at y=[0,δ] 
and 
u(x,δ)=u(x,0)exp(-jβyδ)                at x=[0,2p], 
where u represents one of field variables, and δ is the lateral element size. Then the 
eigenfrequencies are calculated for a given βy. 
 
Fig. 3.1 Unit cell used for the analysis. 
Figures. 3.2 (a) and (b) show the calculated relation between βyp/2π and fp of the SH 
SAW on structure when the Al grating electrode thickness h is set as 0.12p and 0.2p, 
respectively. There exist two branches. One starts from the lower stopband edge of the SC 
grating. The field distribution is shown in Fig.3.3 (a). It is seen that field is symmetry about 
the electrode. It is clear the branch is electrical excitable. As for another branch, it does 
from the upper stopband edge of the SC grating. The field distribution is given in Fig. 3.3 
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(b). In this case, the field is anti-symmetry about the electrode. And this branch is not 
excitable. Besides, the behavior of both branches looks similar to the real branches labeled 
as (1) and (1’) in Fig. 2.12. 
 
(a) h= 0.12p  
 
  (b) h=0.2p 
Fig. 3.2 Frequency dispersion of βy at Bx=0.5.  
■ and ▲: calculated by FEM, solid lines: calculated by extended thin plate model. 
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(a) Symmetric case                (b) Antisymmetric case 
Fig. 3.3 Field distribution of symmetric and antisymmetric cases. 
It is seen that the shape of the curve changes with grating electrode thickness h. Namely, 
the branch starting from the lower stopband edge changes its shape from concave to convex 
when h is large. On the other hand, another branch is always concave, and its curvature 
becomes large when h is large.  
The calculated results shown in Fig. 3.2 are fitted with those given by Eq. (2.31), and 
the parameters a1, a2, and b are determined. To take the influence of bulk acoustic waves 
into account, the frequency dispersion is added not only to βx but also to a1, a2, and b.  
Fig. 3.2 also shows the fitted results with the extended thin plate model discussed above. 
The agreement is well. 
3.3 Analysis of resonance characteristics 
Next, electrical excitation and detection are included into the model described above. Line 
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force sources are given to the boundaries between the electrode and unelectroded regions, 
and electric charges induced to these sources are evaluated from the discontinuity of the 
strain field across the sources. 
   To analyze wave propagation characteristics, we need to solve PDEs. It is known that 
analytical solutions only exist for simple PDE cases. Very often, the PDEs are so 
complicated that getting the closed form, or purely analytical solution is not possible. Now, 
numerical methods have been widely used to get the unknown analytical solution, for 
example, FEM. This method is first proposed by R. Courant and has developed into a 
powerful techniques for the numerical solution of PDEs[3.5~3.6].  
The model is implemented in the COMSOL PDE module. In COMSOL, there exist the 
PDE module which is used to solve PDEs. As for the Coefficient Form of the module, it 
can be described by the following equations: 
( )
2
2
             in a a
u u
e d c u u u au f
t t
α γ β∂ ∂+ + ∇ ⋅ − ∇ − + + ⋅ ∇ + = Ω
∂ ∂
,      (3.1) 
( )n 0          on c u uα γ− ⋅ ∇ − + = ∂Ω,                   (3.2) 
0            on cR= ∂Ω ,                            (3.3) 
                 on du r= ∂Ω .                            (3.4) 
Eq. (3.1) is the PDE which should be satisfied in Ω. Eqs. (3.2) and (3.3) correspond to the 
Neumann and Dirichlet conditions. Eq. (3.3) describes a general constraint and Eq. (3.4) is 
a special case of that. Besides, parameters ea, da, c, α, γ, β, a, f, g, q, hT, and µ are user 
defined coefficient. 
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Then, the model is applied to the analysis of resonance characteristics of the infinitely 
long periodic Al grating/42-LT substrate structure with p = 2 µm. Figure. 3.4 shows the 
geometry used for the analysis. It consists of bus-bar, dummy electrode, gap, and aperture 
regions. Γl and Γr stand for the periodic condition. The lengths of dummy electrode, gap, 
and aperture are 2, 0.5, and 40p, respectively. Note that different model parameters were 
given to these three regions. 
Figures 3.5 and 3.6 show the calculated admittance curves of the structure when h = 
0.12 and 0.2 p. In the Figures, C is the clumped capacitance per period. In addition to the 
strongest peaks and dips due to the main resonance, a number of spurious resonances are 
seen. Since the structure is infinitely periodic in longitudinal direction, higher order 
longitudinal resonances do not occur in this case, all the spurious resonances are identified 
as transverse ones. 
 
Fig. 3.4 Geometry used for the analysis. 
39 
 
 
(a) Overall response 
 
(b) Zoomed view 
Fig. 3.5 Admittance curves calculated by the extended thin plate model and 3D FEM when h=0.12p. 
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(a)  Overall response 
 
(b) Zoomed view 
Fig. 3.6 Admittance curves calculated by the extended thin plate model and 3D FEM when h=0.2p. 
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When the Al grating electrode thickness is 0.12p, transverse resonances appear below 
the series resonance due to the concave βy behavior at βyp/2π~0. There are also spurious 
resonances above the series resonance. They possess relatively large βyp/2π (>0.15), which 
locate in the outer convex region in the βy − f curve [see Fig. 3.2 (a)]. They are relatively 
weak since excitation and detection efficiencies decrease with βy. On the other hand, when 
the Al grating electrode thickness is 0.2 p, transverse resonances appear only above the 
series resonance. This is owed to the convex slowness curve. 
As a comparison, the same infinite periodic configuration was analyzed by the 3D 
FEM[3.3, 3.7~3.8]. Figure 3.7 shows the structure used for simulation. Perfectly matched layer 
is applied to the surrounding regions. The results are also shown in above figures. They 
agree well with those obtained by the extended thin plate model, although there is a 
significant difference in steepness of main and spurious resonances. This is due to 
ignorance of additional propagation losses due to the bulk wave scattering and leakage, 
and the variation of leaky loss with the SAW propagation angle in the extended thin plate 
model. 
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Fig. 3.7 Geometry structure used in 3D FEM. 
3.4 Experiment 
It has been shown that mode coupling has great influence on the lateral propagation of 
SAW and the extended thin plate model can describe the effect well. To confirm above 
analysis, Experiments were done.  
Synchronous SAW resonators were fabricated on the 42-LT substrate to demonstrate 
how the electrode thickness influences the lateral SAW propagation. To make variation of 
the βy curve obvious, heavy Cu was chosen as the electrode material instead of light Al, 
and its thickness was set as 0.05 and 0.15 p. The design parameters are: electrode pitch is 
2 µm, electrode width is 1 µm, aperture is 40 p, IDT finger pair number is 90, and the 
number of reflector fingers is ten. Other parameters are the same as those used in the 
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analysis shown in Section 3.3. Figure. 3.8 shows the construction structure. 
 
Fig 3.8 Construction of the Cu/42-LT substrate structure for SC case. 
Figure. 3. 9 shows the measured conductance along with the result obtained by the 3D 
FEM. Similar to above cases, the FEM model is also infinite long periodic. When the 
grating electrode thickness is 0.15 p, a number of spurious resonances appear above the 
series resonance. They are due to transverse modes, and their location agrees well between 
these data. Below the series resonance, there exists a series of spurious resonances. Only 
in the measured result. They are longitudinal resonances originated from the finite IDT 
length. Due to the periodicity of the model, they do not appear in the result of FEM 
calculation. 
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Fig. 3. 9 Conductance curves of resonator with h=0.15p obtained by experiment and 3D FEM.  
Figure. 3. 10 shows the result when the grating electrode thickness is 0.05p. In the 
calculation, two transverse mode resonances are seen slightly below the series resonance 
in the FEM result. However, they are hidden under the main resonance peak in the 
experiment. Above the series resonance, two spurious responses A and B are seen in both 
simulation and experiment. 
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Fig. 3. 10 Conductance curves of resonator with h=0.05p obtained by experiment and 3D FEM.  
Figure 3. 11 shows the field distribution of the spurious resonance A. The standing 
wave pattern is clearly visible. The fast Fourier transform (FFT) analysis indicated that 
field components with relatively large βyp/pi~±0.255 are responsible for the standing wave. 
Figure 3.12 shows variation of βy on the Cu/42-LT (h=0.05p) structure under the 
longitudinal resonance condition. It is seen that βyp/pi~±0.255 locates in the outer convex 
region instead of the inner concave region near the main resonance. Thus the responses A 
and B are identified as unusual transverse mode resonances described in Section 3.3. 
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Fig. 3.11 Displacement distribution of the spurious response A. 
 
Fig. 3. 12 Frequency dispersion of βy at Bx=0.5 (Cu/42-LT, h=0.05p). 
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3.5 Conclusion  
This chapter investigated lateral SAW propagation in periodic grating/42-LT substrate 
structures. It was found that the slowness curve shape changes from concave to convex 
with the grating electrode thickness. The transverse responses were analyzed on an 
infinitely long IDT on the structure, and comparison with the 3D FEM analysis pointed out 
validity of the present analysis. SAW resonators were fabricated on the Cu grating/42-LT 
substrate structure, and the result confirmed the change of slowness curve shape with the 
grating electrode thickness.  
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Chapter 4 Influence of Coupling on  
Lateral Propagation of Rayleigh SAW on 128-LN 
4.1 Introduction 
Recently, Rayleigh SAW on 128-LN is paid much attention for the realization of high 
performance SAW devices[4.1]. With deposition of SiO2 on the IDTs and reflectors, this 
kind of structure can behave good temperature compensation characteristics[4.2~4.5]. In 
addition to the main mode Rayleigh SAW, it is known that the SH SAW also exists on the 
substrate, and they couple with each other[4.6~4.9].  
 This chapter discusses the impact of the coupling with SH SAW on the propagation of 
Rayleigh SAW in periodic grating structures on128-LN.  
First, the f dependence of βx and βy of Rayleigh and SH SAWs are calculated by FEM. 
It is found that the coupling causes (1) satellite stopband in the f–βx relation and (2) 
variation of γ which generates intersection of two branches in the f–βy relation under the 
longitudinal resonance condition. Then, the extended thin plate model is used to simulate 
the result of FEM. Good agreement between these results indicates that two phenomena 
are caused by the mode coupling. Finally, an infinitely long IDT structure is analyzed by 
the model and 3D FEM. 
4.2 Influence of mode coupling 
4.2.1 Longitudinal propagation 
At first, lateral propagation is ignored, and impact of the coupling between Rayleigh and 
50 
 
SH SAWs is discussed. 
Figure 4.1 shows the input admittance Y of an infinitely long Cu grating/128-LN 
substrate structure calculated by the FEM. Similarly, C is the clumped capacitance of the 
IDT per period 2p where p is the grating period and is set as 2 µm, and ω is the radial 
frequency. In the calculation, the Cu grating electrode thickness h was set as 0.06p. 
Resonance and anti-resonance of the SH SAW are seen at f = 971 and 973.8 MHz in 
addition to those of Rayleigh SAW at f = 932.4 and 964.2 MHz. 
It is known that K2 of the SH SAW becomes zero at θ ∼ 128° when h = 0[4.6~4.7]. When 
h is finite, we need to adjust θ so as to make K2 of SH SAW to be zero[4.4]. The figure also 
shows Y when θ is changed to 125.2°. In this case, the resonances of SH SAW are not seen 
in the admittance characteristics. 
 
Fig. 4.1 Admittance of infinitely long grating (Cu, h = 0.06p) on rotated Y-cut LiNbO3. 
Figure 4.2 shows calculated longitudinal wavenumber βx for θ = 128° and 125.2° of 
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two SAWs in the SC grating as a function of f. The structural parameters used for this 
calculation are the same as those used for Fig.4.1. A stopband can be seen at f ~ 920MHz 
where βxp = π, which is due to the Bragg reflection between forward and backward 
propagating Rayleigh SAWs. Another stopband exists at f ∼ 970MHz due to the Bragg 
reflection between forward and backward propagating SH SAWs. However, its upper 
stopband edge and a branch starting from this point was not found because of the leaky 
nature. One more stopband can be found at βx ~ 0.968π/p, which is caused by the Bragg 
condition between forward propagating Rayleigh SAW and backward propagating SH 
SAW and vice versa[4.10]. Although K2 of SH SAW at θ = 125.2° is much lower than that 
at θ = 128°, the stopband widths at βx ∼ 0.968π/p are almost identical for these two cases. 
This implies that the mechanical coupling is responsible for generation of this stopband. 
 
(a) θ = 128° 
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(b) θ = 125.2° 
Fig. 4.2 Frequency f dispersion of the longitudinal  
wavenumber βx with different rotation angle when h = 0.06p. 
4.2.2 Lateral propagation 
Next, lateral propagation of Rayleigh and SH SAWs are discussed for the SC grating. For 
its characterization, we apply the longitudinal resonance condition given by βxp = π[4.11]. 
Figure 4.3 shows the frequency dispersion of lateral wavenumber βy of Rayleigh SAW 
when θ = 128° and h = 0. The calculation methods are same as that of section 3.2.2. Two 
branches exist, and one exhibits a cutoff at f ∼ 971MHz, which corresponds to the lower 
stopband edge of the SC grating and also to the main resonance frequency of the 
corresponding IDT (see Fig. 4.1). Behavior of transverse mode resonances is governed by 
this branch. The field distribution of the branch is shown in Fig. 4.4 (a). It is seen that the 
field is symmetry about the electrode. It means that this branch is excitable electrically. On 
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the other hand, another branch has a cutoff at f ~ 984 MHz, which corresponds to the upper 
stopband edge of the SC grating. It coincides with the lower stopband edge of the open 
circuited (OC) grating. Fig.4.4 (b) shows that field distribution of this branch. It is anti-
symmetry about the electrode. This also indicates that the branch is not active electrically. 
Note that below the cutoff frequency, the corresponding mode is evanescent laterally. 
Figure 4.5 shows the calculation result when θ = 125.2° and h = 0.06p. It seems similar 
to Fig. 4.3. However, two branches intersect in this case. This phenomenon cannot be 
explained by the SP theory or the original thin plate theory[4.12~4.13]. 
 
Fig. 4.3 Frequency f dispersion of the lateral wavenumber βy under the longitudinal resonance 
condition when θ=128° and h=0. 
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               (a) Symmetry case                  (b) Anti-symmetry case 
Fig.4.4 Field distribution of different case. 
 
Fig. 4.5 Frequency f dispersion of the lateral wavenumber βy under the longitudinal resonance 
condition when θ = 125.2° and h = 0.06p. 
In Figs. 4.3 and 4.5, βy calculated by the parabolic approximation are also shown. 
When γ is set as 0.46 derived for the free surface, the calculation agrees only when βy ∼ 0 
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for both cases. Better agreement can be obtained by adjusting γ from 0.62 to 0.71. However, 
discrepancy remains when βy is large. 
4. 3 Analysis using extended thin plate model 
Next, the extended thin plate model is applied to the device structure discussed in above 
section[4.14~4.15]. It is shown the model allows to take the coupling between multiple SAW 
modes into account. Parameters necessary for the analysis were derived by the procedure 
described in chapter 3. 
The extended thin plate model is applied to simulate the result of FEM. The calculated 
results are shown in Fig. 4.6. It is seen that the result obtained by the model agrees well 
with the FEM calculation. The intersection between two branches also appears in the result. 
This means that the intersection is caused by the mechanical coupling between two SAW 
modes. 
 
Fig. 4.6 Frequency f dispersion of the lateral wavenumber βy calculated by extended thin plate model. 
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The thin plate model allows to include electrical excitation and detection in the analysis. 
The extended thin plate model is applied to analyze transverse mode characteristics of an 
infinitely long Cu grating (h = 0.06p) /125.2-LN substrate structure. Figure 4.7 shows the 
geometry of the structure consisting of bus-bar, gap and aperture regions. Gap and aperture 
lengths are set to 0.5p and 40p, respectively. 
Figure 4.8 shows the input admittance Y calculated by the extended thin plate model. 
In addition to the largest peak and dip due to the main resonances, a number of spurious 
resonances due to lateral SAW propagation are seen. 
 
Fig. 4.7 Geometry used for the thin plate model analysis. 
57 
 
 
Fig.4.8 Comparison of admittance of infinitely long Cu grating/125.2-LN structure calculated by 
different methods. 
In the Figure, Y calculated by 3D FEM[4.16~4.18] is also shown. It is seen that the 
agreement is excellent. Small discrepancies exist in the Q level and location of the spurious 
resonances. They may be due to ignorance of bulk wave scattering and, or improper setting 
of PML used in the FEM analysis[4.19~4.20]. 
The Figure also shows the results calculated by the SP theory with γ = 0.46 and 0.71. 
For their distinction, the corresponding curves are shifted by ±30 dB. It is seen that γ = 0.71 
offers better coincidence with the FEM calculation than γ = 0.46. 
The mode spatial distribution are calculated using the extended thin plate model. The 
results are shown in Fig. 4.9, where (a)–(f) give the calculated displacement distributions 
at the series resonance, the first-order to fourth-order spurious modes and the parallel 
resonance, respectively. Figure 4.9 (g) shows the geometry device configuration, where 0 
to 3 correspond to the aperture, gap, bus-bar, and PML regions. Field patterns of different 
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order modes are clearly seen. Although it may not be clear from the figures, the standing 
wave pattern are also seen in the bus-bar regions. This may be caused by the tunneling 
through the gap regions. 
 
Fig. 4.9 Displacement distribution calculated by the extended thin plate model, (a) series resonance, 
(b) 1st order transverse mode, (c) 2nd order transverse mode, (d) 3rd order transverse mode, (e) 4th order 
transverse mode, (f) parallel resonance, and (g) model geometry. 
As a comparison, Fig. 4.10 shows the calculation result by 3D FEM. It is seen that the 
results of both method agree with each other quite well. 
Based on above analysis, the anisotropy factors γ for different grating electrode 
thickness are calculated, the result are shown in Fig. 4.11. It is seen the γ increases with 
grating electrode thickness monotonously 
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Fig.4.10 Displacement distribution calculated by 3D FEM  (a) series resonance, (b) 1st order 
transverse mode, (c) 2nd order transverse mode, (d) 3rd order transverse mode, (e) 4th order transverse 
mode, (f) parallel resonance, and (g) model geometry 
 
Fig. 4.11 Anisotropy factor for different grating electrode thickness. 
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4.4 Conclusion 
This chapter discussed influence of the coupling with the SH SAW on the propagation 
characteristics of the Rayleigh SAW in periodic grating/128-LN substrate structures. 
It was shown that the coupling causes (1) stopband in the f–βx relation and (2) variation 
of γ. It was also found that these phenomena also appear even when K2 of SH SAW is zero. 
This means that the mechanical coupling is responsible for the above phenomena. 
Infinitely long grating on 128-LN was analyzed by extended thin plate model and the 
3D FEM. Excellent agreement between two calculation demonstrated effectiveness of the 
analysis based on model. 
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Chapter 5 Conclusions and Outlooks 
5.1 Conclusions 
This thesis discusses lateral SAW propagation in periodic grating structures when two 
SAW modes exist simultaneously and couple with each other. Obtained results can be 
concluded as following: 
Chapter 2 introduced the thin plate model. First, fundamentals of the model were 
established and procedures for determining model parameters were presented in detailed. 
Lateral wavenumber βy was expressed as a closed form function of the driving frequency 
ω under condition of βx=π/p. Then, γ was extracted by fitting the derived relation between 
the βy and ω with that calculated by the FEM. It was also indicated that γ estimated by the 
method was significantly different from the value estimated from the SAW velocity on free 
or metalized surface. Finally, the thin plate model was extended to include the mode 
coupling and its impact to the shape of slowness curves was investigated. 
Chapter 3 discussed lateral SAW propagation in periodic grating/42-LT substrate 
structures with the extended thin plate model. First, the frequency dispersion curves of βy 
at βx=pi/p were calculated. It was shown that the slowness curve shape changes from 
concave to convex with the grating electrode thickness. Then, transverse responses were 
also analyzed on an infinitely long IDT structure, and the results agreed well with that of 
3D FEM. Finally, SAW resonators with Cu grating placed on 42-LT substrate were 
fabricated, and the change of the slowness curve shape was verified with the grating 
electrode thickness for SH SAW.  
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Chapter 4 investigated the impact of the coupling with the SH SAW on the propagation 
of the Rayleigh SAW in periodic grating structures on 128-LN. First, frequency f 
dependence of βx and βy of Rayleigh and SH SAWs were calculated by FEM. It was shown 
that the coupling with SH SAW causes two distinctive features: (1) additional stopband in 
the f–βx relation and (2) rapid variation of γ with the structural parameters. Then, the 
extended thin plate model was applied to investigate influence of the two SAW coupling 
in the structure. It was showed that the model can explain two features in the dispersion 
characteristics. This means that the two SAW coupling is responsible to the phenomena. 
Finally, the model was applied to analysis of the infinitely long IDT on 128-LN. The 
calculated result was compared with that obtained by 3D FEM. Excellent agreement 
between two calculation demonstrated effectiveness of the analysis based on the extended 
thin plate model. 
5.2 Outlooks 
It has been shown that mode coupling has great influence on the lateral propagation of 
SAWs. Thus the coupling effect should be taken into account in SAW devise design. It is 
verified that the extended thin plate model can describe lateral propagation of SAWs with 
mode coupling quite well.   
As for next step, the model will be applied for the suppression of transverse mode in 
SAW device design. It is known that piston mode operation can efficiently suppress the 
excitation of transverse mode. In traditional piston mode operation design, only one mode 
is concerned. In future work, the mode coupling effect will be taken into account with the 
proposed model for SAW device design. 
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Besides, we ignore additional propagation losses due to the bulk wave scattering and 
leakage, and the variation of leaky loss with the SAW propagation angle in the extended 
thin plate model. Of course, these losses can be taken into account also in the model 
provided that their dependences on the frequency and propagation direction are given. Thus, 
the propagation loss will also be included into the model in future work. 
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Appendix A 
Let us consider the Newton equations of the following form: 
2 6 51
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where ρ is the mass density, ω is the radial frequency, and ui and TI are the displacement 
and stress, respectively. The constitutive relation for piezoelectric materials is expressed as 
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where cIJ and ejI are the stress and piezoelectric constants, respectively, and Ei is the electric 
field. SI is the strain, which is related to uj as 
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From the assumption applied to the plate model, ∂/∂z = 0 and E1 = E2 = 0. In this case, Eq. 
(A·1) indicates that u3 is decoupled with u1 and u2 when c14 = c15 = c64 = c65 = 0. Similarly, 
c64 = c65 = c24 = c25 = 0 and c51 = c52 = c56 = c41 = c42 = c46 = 0 are required from Eqs. (A·2) 
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and (A·3), respectively, for the decoupling. When these conditions are satisfied, Eq. (A·3) 
reduces to 
( )
2 2 2
23 3 3 3 3
55 45 44 3 35 342 2
2 ,
u u u E E
c c c x y u e e
x x y y x y
ρ ω∂ ∂ ∂ ∂ ∂+ + + = +
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Appendix B 
Here, we derive the traditional 1D COM equations from the thin plate model. When we 
ignore electrical excitation, Eq. (2.1) reduces to  
( )
2
23
55 32
u
c x u
x
ρ ω∂ = −
∂ ,                         (B.1) 
Here, u3(x) and ρ(x) are approximated as 
( ) ( )3 j x p j x pu R x e S x epi pi−= + ,                   (B.2) 
And 
( )1 2 255 0 1 1j x p j x pc x X X e X epi piρ− − −−+ +∼ ,                 (B.3) 
where Xn is the Fourier expansion coefficient of c
-1 
55ρ(x). Note that X-1 = X
* 
1  because ρ(x) is 
pure real. Substitution of Eqs. (B.2) and (B.3) into (B.1) and ignoring ∂2U3±(x)/ ∂x2 give 
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where θu = ω2X0p/π – π/p and κ = ω2X1p/π – π/p. Since Eq. (B·4) should be satisfied for 
arbitrary x, ignoring its third and fourth terms gives the following COM equations, 
( ) ( ) ( )uR x j R x j S x
x
θ κ∂ = − +
∂ ,                         (B.5) 
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( ) ( ) ( )uS x j R x j S x
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∂ ,                         (B.6) 
Next, let us consider an infinitely long IDT. In this case, the rigorous solution of Eq. 
(B·1) can be expressed as 
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where βe = ω(ρe/c55)0.5 and βu = ω(ρu/c55)0.5. Substitution of Eq. (B·7) into Eq. (3) and 
applying the continuity of u3 at x = w/2 give the coefficients a and b as 
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β β β β
−  
= −
− +  
.                 (B.9) 
Where ζ is e35V/2hc55. Substitution of Eqs. (B.7) and (B.9) into Eq. (B·4) gives the input 
impedance Y per unit period in the following form: 
( ) ( )
2
0
2
1
tan 2 2 cot 2e e u u
K
Y j C
w w p w w
ω β β β β
  
= + 
− +    
,        (B.10) 
where C0 = ε33wW/2h is the static capacitance per IDT period.  
   When SAW reflection is ignored, Eq. (B.10) reduces to 
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( ) ( )
( )
2
0
2 cos 2 2 sin 2
1
cos 2
e e
e e
K w p w
Y j C
w p
β β
ω β β
 
−   
= + 
  
.      (B.11) 
At frequencies with βxp ∼ π, Eq. (B·11) can be approximated as 
( )
( )
2 2
0
4 sin 2
1
x
K w p
Y j C
w p
pi
ω
pi β pi
 
− 
− 
∼ .                    (B.12) 
We can derive Y from the 1D COM equations given in Eqs. (3.1)-(3.2) for this case. 
Since ∂/∂x=0 and k=0, we obtain R(x)=S(x)θu-1αV and  
( )1 22 1 4Y jp C Cω δ α ω−= − .                    (B.13) 
Comparison of Eqs. (B.12) and (B.13) gives  
( )2 22 sin 2K w pC
w
pi
α ω
pi
= .                     (B.14) 
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